The title alkaloids, (−)-1, (−)-2, (−)-4 and (+)-5 respectively, have each been prepared from the enantiomerically enriched (74% ee) tetrahydroindolizine 14 which is itself obtained via an organocatalyzed and enantioselective intramolecular Michael addition reaction of the pyrrole 13 incorporating an N-tethered and β,β-disubstituted acrylaldehyde moiety.
Introduction
The alkaloid rhazinal [(−)-1], 1 like its more well-known congener rhazinilam [(−)-2], 2 is a potent spindle toxin by virtue of its capacity to disrupt the dynamic interconversion of tubulin and microtubules required for the normal mitotic division of cells. 3 As such these compounds have been identified as novel leads for the development of new generation anti-cancer agents. 4 The first total synthesis of rhazinilam was described 5 by Smith et al. in 1973 with the second and thus far only enantioselective approach, 6 due to Sames and co-workers, emerging almost twenty years later. Magnus et al. reported 7 a third synthesis, of racemic material, in 2001 whilst we have recently disclosed 8 the first total synthesis of (±)-rhazinal [(±)-1] as well as its (non-natural) Bnor-congener (±)-3 (which also acts as a spindle toxin). Herein we describe a modification of our approach 8 that has culminated in enantioselective total syntheses of (−) Our earlier synthesis of (±)-rhazinal involved, as a key step, the Lewis-acid promoted intramolecular Michael addition of the C2 of pyrrole to an N-tethered acrylate incorporating an ethyl group at the β-position. The ensuing cyclization reaction resulted in annulation of the rhazinal D-ring onto the pyrrole C-ring with simultaneous assembly of substituents about C20, the only quaternary and stereogenic centre associated with target 1. The central issue, therefore, in adapting this work to the construction of (−)-rhazinal [(-)-1], as well as congeners (−)-2, (−)-4 and (+)-5, was to establish methods for effecting this type of intra-molecular Michael addition reaction in an enantioselective fashion. Whilst many useful methods are now available for promoting such processes in a catalytic manner, 11 recent studies from these laboratories 12 have
suggested that MacMillan's organocatalysts 13 might provide a very effective means for achieving our objective. This has proven to be the case as demonstrated by the outcomes reported below.
Results and Discussion
The synthetic route to the substrate required for studying the proposed enantioselective Michael addition reaction is shown in the early parts of Scheme 1. Thus, as detailed previously, 8 but reiterated here for the sake of completeness, reaction of potassium salt, 6, of pyrrole with γ-butyrolactone (7) under conditions defined by Li and Snyder, 14 afforded, after acidic work up, the acid 8 8 in 60-90% yield. The latter species was converted into the corresponding Weinreb amide 9 8 (87%), using a modification 15 of conditions defined by Mukaiyama and co-workers, 16 and this was then reacted with ethyl magnesium bromide to give, after careful work up, the previously reported 8 ethyl ketone 10 in 95% yield. HWE-type olefination of compound 10 using the anion derived from methyl diethylphosphonoacetate then gave the β,β-disubstituted acrylate 11 8 With the previously unreported substrate 13 in hand the foreshadowed cyclization studies began. No effort was made to separate the constituent E-and Z-isomers because of the expectation that the derived iminium ions resulting from their reaction with the MacMillan organocatalyst would undergo rapid interconversion and/or cyclize to give the same enantiomeric form of the anticipated product, namely aldehyde 14. In the event, exposure of compound 13 to (5S)-2,2,3-trimethyl-5-phenylmethyl-4-imidazolidinone monotrifluoroacetate (MacMillan's first generation organocatalyst 13a ) under previously specified conditions 12,13a resulted in the smooth production of the anticipated but rather unstable aldehyde 14 which was obtained in 81% yield. The enantiomeric purity of this cyclization product was established through its reduction, with sodium borohydride, to the corresponding and completely stable alcohol 15 (84%) which was subjected to chiral HPLC analysis on a Diacel ChiralPak AS-H column and using the previously reported 8 racemic modification of this alcohol as a reference sample. By such means it was established that compound 15 had been obtained in 74% ee. Since the enantioselectivity of the conversion 13 → 14 may be influenced by the rapidity, or otherwise, of proton loss from C2 (see structure 13) variations in the nature of the counterion associated with the MacMillan catalyst were investigated. Unfortunately, we have thus far been unable to improve the enantioselectivity of this reaction by such means. The assignment of the illustrated absolute configuration to the major enantiomeric form of compound 15 follows from its conversion, using bromine in acetic acid, into the dibrominated and crystalline lactam 16 (65%) that was then subjected to X-ray analysis (see Figure 1 and Experimental Section). With highly enantiomerically enriched samples of alcohol 15 now available by the means just outlined, the completion of the synthesis of (−)-rhazinal (1) was carried out in the same manner as described earlier 8 for the preparation of the racemic material. Thus, the mesylate 17 (95%) derived from the alcohol was subjected to reaction with sodium cyanide in DMPU. The resulting nitrile 18 (91%) was then converted into the corresponding methyl ester 19 (63%) by reaction with KOH in aqueous methanol followed by acidic work up and reaction of the ensuing free-acid with DCC in methanol containing catalytic amounts of DMAP. Vilsmeier-Haack formylation of pyrrole 19 then afforded the aldehyde 20 (78%) which was subjected to electrophilic iodination using molecular iodine in the presence of silver (I) trifluoroacetate and thereby affording iodide 21 (quant.) in a completely regioselective manner. Suzuki-Miyaura cross-coupling 18 . We presume each of compounds (-)-4 and (-)-5 has been obtained in ca. 74% ee but we have not been able to separate them into their constituent enantiomers using the chiral HPLC columns mentioned earlier.
The success of conversion 13 → 14 described above suggests that this type of process is likely to provide a useful means for the enantioselective assembly of quaternary carbon centres incorporated within polycyclic frameworks. It is also worth noting that the acquisition, in the enantioselective manner detailed above, of the carboxylic acid precursor to ester 19 constitutes a formal total synthesis of the alkaloid (+)-aspidospermidine.
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Experimental Section General Procedures. General procedures followed during the course of the work detailed herein were similar to those reported elsewhere. (8R)-8-Ethyl-5,6,7,8-tetrahydro-8-indolizineethanal (14) . A magnetically stirred mixture of (5S)-2,2,3-trimethyl-5-phenylmethyl-4-imidazolidinone monotrifluoroacetate 13a (347 mg, 20 mole %) and water (1.8 mL) in THF (30 mL) was cooled to -20°C then treated, dropwise, with a solution of compound 13 (1.00 g, 5.23 mmol) in THF (8.0 mL). After addition was complete the reaction mixture was stirred at -20°C for 72 h, quenched by dropwise addition of sodium bicarbonate (20 mL of a saturated aqueous solution) and then warmed to 18°C and treated with Et 2 O (40 mL) and water (10 mL). The separated organic phase was washed with brine (1 x 10 mL) before being dried ( Structure Determination. Images were measured on a Nonius Kappa CCD diffractometer (MoKα, graphite monochromator, λ = 0.71073 Å) and data extracted using the DENZO package. 24 Structure solution was by direct methods (SIR92). 25 The structure of compound 16 was refined using the CRYSTALS program package. 26 The absolute configuration was established by refinement of the Flack parameter, final value -0.02(1 
